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Abstract 
Functionally graded thickness (FGT) is an innovative concept to create light-weight structures with 
better material distribution and promising energy absorption characteristics suitable for vehicle 
crashworthiness applications. Accordingly, this paper suggests innovative circular tubes with in-
plane thickness gradient along their perimeter and assesses their crashworthiness behaviour under 
lateral loading. Three different designs of circular tubes with thickness gradient were considered in 
which the locations of maximum and minimum thicknesses are varied. Selective laser melting 
method of additive manufacturing was used to manufacture the different tubes. Two different bulk 
powders including titanium (Ti6Al4V) and aluminium (AlSi10Mg) were used in the manufacturing 
process. Quasi-static crush experiments were conducted on the laser melted tubes to investigate 
their crushing and energy absorption behaviour. The energy absorption characteristics of the 
different FGT tubes were calculated and compared against a uniform thickness design. The results 
revealed that the best crashworthiness metrics were offered by FGT titanium tube in which the 
maximum thickness regions were along the horizontal and vertical directions while the minimum 
thickness regions were at an angle of 45
o
 with respect to the loading direction. The aforementioned 
tube was found to absorb 79% greater energy per unit mass than its uniform thickness counterpart. 
Finally, with the aid of numerical simulations and surrogate modelling techniques, multi-objective 
optimisation and parametric analysis were conducted on the best FGT tube. The influences of the 
geometrical parameters on the crashworthiness responses of the best FGT structure were explored 
and the optimal thickness gradient parameters were determined. The results reported in this paper 
provide valuable guidance on the design of FGT energy absorption tubes for lateral deformation. 
Keywords: Functionally graded thickness, Thin-walled structures, Energy absorption, Quasi-static loading, 
crashworthiness, Additive manufacturing, Selective laser melting. 
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Over the past years, significant research efforts were directed towards understanding the 
deformation behaviour of traditional and innovative thin-walled tubes to employ them in the 
crashworthiness applications related to different sectors including automotive, aerospace, and 
defence [1–3]. Thin-walled tubes are widely used as deformable protective elements due to their 
lightweight, outstanding energy absorption, and low fabrication costs [1]. These structures dissipate 
the kinetic energy resulted from impact loading through irreversible plastic strain deformation 
hence maintaining the structural integrity of a vehicle and enhancing the passenger safety. 
The majority of studies on the crashworthiness of thin-walled tubes focused on simple tubes with 
either circular or square cross-section under axial, lateral and bending loading [4–8]. The axial 
deformation of thin-walled structures was the most investigated one due to its significant energy 
absorbing potential where the majority of the structure’s material undergoes plastic deformation. It 
was reported that the axial deformation can offer up to approximately 10 times more specific energy 
absorption than that of the lateral or bending deformation of the same specimen [2]. The main 
reason for the low energy absorption of lateral deformation is that it only yields a small number of 
plastic hinges during the crushing process leading to limited plastic strain zones confined around 
those plastic hinges [9–11]. However, lateral deformation mode is inevitable in many protective 
structures such as those used at front or side of vehicles and therefore more research work is needed 
to enhance the crashworthiness performance under such loading conditions.  
The advances in the automotive industry necessitate developing lightweight and highly efficient 
energy absorption components to provide the required safety for modern vehicles. Thus, innovative 
versions of thin-walled structures with more sophisticated shapes and material started to be used as 
energy absorption structures such as functionally graded thickness [12–15], foam-filled [16,17], 
nested [10,18,19], corrugated [20], and multi-cell structures [19,21–23]. Functionally graded 
thickness (FGT) tubes are attractive structures with a non-uniform material distribution allowing for 
enhanced crashworthiness performance without increasing weight. Consequently, the FGT tubes are 
vital for developing lightweight but safe vehicles with reduced fuel consumption and less 
environmental effects. The crashworthiness performance of FGT tubes under axial or bending 
loading was presented in many studies [24–33]. Zhang et al. [24] assessed the energy absorbing 
performance of functionally graded thickness square tubes under axial loading. The cross-section of 
the tested samples featured a thicker corner where the plastic deformation takes place. The authors 
found that the tubes with a thickness gradient can absorb 30–35% more energy per unit mass than 
the uniform thickness tube without increasing the initial peak force. Zhang et al. [34] also examined 




The FGT frusta tubes were compared with uniform thickness tubes where it was found that the FGT 
specimen performed more favourably, with 30-40% higher specific energy absorption (SEA) and 
26% greater energy absorbing efficiency (CFE). Baykasoglu and Cetin [29] examined the influence 
of thickness-gradient patterns on the crashworthiness performance of axially loaded circular tubes. 
The study showed that FGT tubes have superior energy absorption characteristics compared to their 
uniform thickness counterparts. It was also reported that crashworthiness metrics of the FGT tubes 
can be improved with the appropriate selection of thickness-gradient parameters. Pang et al. [32] 
studied the axial crushing behaviour of FGT multi-cell square tubes and found that the thickness 
gradient may effectively decrease the initial peak crushing force without sacrificing the energy 
absorption capability of the structure. Li et al. [35] compared the crashworthiness of FGT and 
standard circular tubes with and without foam fillings when subjected to oblique loading with 
multiple loading angles. It was observed that the FGT tubes had lower initial peak force values than 
their uniform thickness counterparts for all loading angles providing advantageous to vehicle design 
applications due to the high possibility of oblique loads in road accidents. Sun et al. [36] analysed 
the performance of FGT tubes under dynamic lateral bending loading. The studied tube featured a 
circular cross-section with thickness gradient increasing towards the centre of the tube placing the 
thicker region at the impactor (punch) location. It was observed that the FGT tube had improved 
crashworthiness metrics compared to a tube of uniform thickness as both specific SEA and CFE 
were increased. Generally, all the aforementioned investigations have reported significant 
improvements in the energy absorption performance of structures with a thickness gradient 
compared to standard ones with uniform thickness. However, despite the superior performance, no 
attempt was made to apply the FGT concept to the cross-section of laterally loaded circular tubes. 
Those structures are expected to address the relatively poor performance of laterally loaded tubes 
yielding higher energy absorption capacity.   
Generally, the manufacturing of structures with a thickness gradient is more complicated than 
the traditional uniform thickness ones. Normally, advanced manufacturing processes such as tailor-
welded blank (TWB), tailor rolling blank (TRB), tailor hot stamping (THS) and additive 
manufacturing (AM) are used to produce the thin-walled structures with graded properties 
[15,30,37,38]. Selective laser melting (SLM) of AM with its significant design freedom has found 
its way to crashworthiness field through developing metallic structural components that cannot 
easily be obtained via the traditional fabrication techniques. SLM helps in fulfilling various 
demands for modern products such as light-weighting, greater functionality, and shorter design-to-
manufacture time [39]. AlSi10Mg and Ti6Al4V are the most commonly used alloys for additive 
manufacturing via SLM and they have received increased applications in the automotive and 




factors including powder properties, melting and solidification rate of the material, building 
orientation, SLM process parameters, and heat treatment [40]. Controlling and optimising the 
aforementioned parameters may yield SLM parts with exceptional mechanical properties. For 
example, the mechanical properties of heat-treated SLM AlSi10Mg were reported to be superior to 
those casted alloys [41]. Also, SLM AlSi10Mg alloys exhibited better dynamic properties than 
those of the cast alloy, reaching almost two times the dynamic yield strength and four times the 
dynamic tensile strength [42]. The main downside of the laser melted parts is the lack of ductility 
due to the residual stresses generated during the SLM process. However, the post-SLM heat 
treatment process can improve the material’s ductility but the heat treatment type and parameters 
should be selected carefully to ensure the balance between the strength and the ductility of the 
material.  
SLM can be used to manufacture thin-walled tubes as well as lattice structures for both load-
bearing and plastic deformation applications [43–45]. Alkhatib et al [46] used direct metal laser 
sintering to manufacture sinusoidally corrugated energy absorbers from AlSi10Mg material powder. 
Mohamed et al [47] also employed the same technique to create circular tubes with slits at the 
impact end acting as crush initiators. Osman el al [48], Jin el al [49], Zhang el al [50] adopted AM 
for manufacturing lattice metamaterial suitable for energy absorption applications. Obviously, AM 
provides distinct advantages over the traditional fabrication methods for creating complex shaped 
FGT structures.  
In this paper, the crush performance of circular tubes with in-plane thickness gradient under 
lateral loading is to be examined experimentally and numerically. Such structures were never 
considered in the literature before despite their potential to address the poor energy absorption 
performance associated with the lateral deformation of the standard structures with uniform 
thickness. Parametric and optimisation studies are also conducted to fully comprehend the influence 
of thickness grading factors on the crashworthiness responses and determining those that lead to 
best performance.  
2. Experimental analysis 
2.1 Specimens 
In this study, uniform thickness (UT) and functionally graded thickness (FGT) thin-walled short 
length tubes, or rings, were considered for lateral deformation. The UT tube features a uniform 
thickness whereas the FGT tubes have varying thicknesses along their perimeter as shown in Figure 
1. Three different FGT designs, namely FGT1, FGT2, and FGT3, were conceived by altering the 
locations of the maximum and minimum thicknesses within the cross-section. All the FGT designs 




thickness is located along the horizontal and vertical directions while the minimum thickness is 
located at an angle of 45
o
 with respect to the horizontal axis. In FGT2 and FGT3 designs, the 
locations of maximum thickness and minimum thicknesses are exchanged between the horizontal 
and vertical directions. For the various FGT designs, the tube’s thickness was changed linearly 
between the locations of the maximum and minimum thicknesses. All the tested tubes have the 
same outer diameter of 100 mm, and masses of 100 g and 60 g for Ti6Al4V and AlSi10Mg 
samples, respectively. The tubes dimensions are selected to be within the range used for the lateral 
deformation of circular tubes [4].    
2.2 SLM manufacturing process and Material 
The UT and FGT tubes were manufactured from titanium (Ti6Al4V) and aluminium (AlSi10Mg) 
based bulk powders using the SLM process. The chemical compositions of both materials are listed 
in Table 1. EOS M290 SLM machine occupied with a 400 W laser beam was used for laser melting 
of both powders. The process parameters such as laser exposure, scan speed, layer thickness and 
hatch distance were set as per the recommendations of the manufacturer to obtain a fully dense 
product (approx. 99.8%). The main process parameters for both materials are summarised in Table 
2. In standard SLM practise, it is recommended that the building platform should match the powder 
feedstock and therefore titanium and aluminium building platforms were used for Ti6Al4V and 
AlSi10Mg samples, respectively. Normally in SLM, Z-axis is the building direction while the 
scanning takes place in the XY plane which is perpendicular to the building direction (z-axis) as 
shown in Figure 2. The build orientation shown in Figure 2 was used for all samples in this study to 
reduce SLM support structures and resultant additional build time and post-processing 
requirements. The x-rotated laser scanning strategy was employed during the SLM process. The 
powder in the first layer was melted at an inclined angle of 67
o
 with respect to x-direction 
(horizontal direction). For the successive layers, the orientation of the laser beam was rotated by 67
 
o
 in each layer till building the full specimen. The same scanning strategy was used for all tubes 
manufactured in this study. Post SLM, the samples were separated from the building base 
by electric discharge machining (EDM). No surface defects or geometrical imperfection were 
observed for the SLM-manufactured tubes. Finally, with an aim of relieving the residual stresses 
generated during the laser melting process, the manufactured tubes were heat treated where the heat 
treatment temperature and duration were set as per the recommendations stated in the material data 
sheet of the manufacturer. The heat treatment was completed in an argon inert atmosphere for the Ti 
samples and air atmosphere for the Al samples. A summary of heat treatment procedures is shown 




In addition to the tubes, dog bone tensile samples were also manufactured using the same bulk 
powders, i.e. Ti6Al4V and AlSi10Mg, under identical SLM process parameters. Standard tensile 
tests using a universal test machine were undertaken to obtain the mechanical properties of the 
material. The true stress-strain curves of both materials along with tensile samples are shown in 
Figure 3 whereas the mechanical properties are tabulated in Table 4.  
2.3 Crush test set-up 
The Zwick-1474 universal materials testing machine was used to conduct the quasi-static 
experimental crush tests on the respective UT and FGT tubes. The machine is capable of providing 
a maximum loading capacity of 100 kN. The tested tube was placed between the upper and lower 
platens of the machine and the crushing process was achieved through the upward motion of lower 
platen. The loading force is measured by a load cell mounted on the upper crosshead of the 
machine. To ensure that the conducted tests do not involve any dynamic effects, the moving speed 
of the lower platen was set at 10 mm/min, which is within the range of 0.5-15 mm/min used in 
comparable studies for quasi-static compression tests [4,5,10]. The force and displacement were 
measured every 0.1 ms during each crushing test. 
2.4 Crashworthiness metrics 
The crashworthiness performance of the UT and FGT tubes under the lateral loading was 
assessed through calculating three main metrics namely; specific energy absorption (SEA), crush 
force efficiency (CFE), and crush displacement efficiency (CDE). These metrics are the most 
commonly used in the field for evaluating the crashworthiness [51]. 





Where EA is the energy absorption during the lateral crushing and it is given by Eq. 2: 




Where 𝐹(𝑥) and 𝛿 are the instantaneous load and deformation distance of the tube respectively.  
CFE is the ratio between the mean crush force (MCF) and the peak crush force (PCF) and it is 









CDE is the last indicator that was considered to compare the energy absorption performance of the 
energy absorption systems. CDE can be calculated as the total crush displacement (𝛿𝑡𝑜𝑡𝑎𝑙) measured 
up to the point of fracture divided by the unreformed length of the tube which was selected to be the 





The CDE indicator describes the amount of material that can be used during the crushing process 
and the bigger value indicates a better performance. 
2.5 Experimental results and discussion 
2.5.1 Crush behaviour and deformation mode  
Figure 4 exhibits the force-displacement responses of UT and FGT tubes obtained from the 
crushing tests. The tubes were loaded laterally until a fracture happened in the tube which was 
sensed through the sudden drop in the value of force and hence the test was stopped. Apart from 
FTG2 design, the other designs have all shown typical responses under the lateral loading despite 
having different geometrical shapes and materials. The crush responses consist of two distinct 
phases namely; elastic and plastic, respectively. In the elastic phase, the force increases linearly and 
sharply to its characteristic ‘initial collapse load’. For UT and FGT1 configurations, following the 
elastic phase, the tubes started to deform plastically and the crushing force increased gradually to 
reach its maximum magnitude at the end of the plastic phase and before tube’s fracture. The force 
increase in the plastic region can be attributed to two main reasons including material strain 
hardening and geometrical changes in the tube during the deformation process. FGT3 design 
showed an almost flat crush response in the plastic region for the two materials where the force 
stays more or less constant with increasing the displacement. For the FGT2 tube, a fracture 
happened directly after reaching the initial collapse load with almost no sign of any plastic region.   
The initial collapse load, or the force required to initiate the plastic deformation, in the laterally 






Where D is the tube diameter, 𝜎𝑦 is yield stress of the material, t is the tube thickness at the location 
of the plastic hinge; L is the width of the tube. By inspecting the force-displacement curves, it can 
be seen that the initial collapse load of FGT1 design is higher than the others. This can be attributed 
to the fact that the FGT1 tube has the highest thickness at the location of the plastic hinge among all 
the designs. Additionally, the rate of increase of the crushing force with respect to displacement in 




hinge. This trend is basically due to the fact that the material strain hardening effect becomes 
greater in the thicker tubes as they have more material in the plastic zone.  
Despite the two different materials used to manufacture the tested samples, the different designs 
in the two materials groups showed a comparable trend in terms of force-displacement response 
during the lateral deformation. This behaviour could be due to the fact that the tubes were 
manufactured using SLM process parameters that yield almost fully dense tubes with relatively 
similar grain structure.  
The typical deformation mechanism of the laterally loaded circular tubes involves four plastic 
hinges. Two of these hinges are generated at the location of the maximum bending moment which 
is located along the horizontal line while the other two are generated at the contact points between 
the tube and the platens. Hence, the crushing mode of the laterally loaded circular tube is a plastic 
bending around the plastic hinges. Figure 5 shows the initial and final deformation modes of all 
samples tested in this study. As it can be seen from the figure, the tested samples were fractured at 
different locations. The fracture normally occurs at the weak zones that are subjected to high 
loading (forces or moments) but has less material to resist these forces. For the FGT1 design, the 
crack was initiated in the minimum thickness zone located at an angle of 45
o
 with respect to the 
horizontal line. Similarly, the catastrophic failure of FGT3 design took place at the location of small 
thickness identified along the horizontal line. The UT design was fractured at the location of 
horizontal plastic hinges because of the extreme plastic deformation developed in that zone. The 
fracture of the FGT2 happened at the bottom end which also had the minimum thickness.  
2.5.2 Crashworthiness evaluation 
Figure 6 shows the calculated crashworthiness metrics namely; SEA, CFE, and CDE for all the 
designs investigated in this paper. These metrics were calculated based on the force-displacement 
responses presented in Figure 4. By inspecting the SEA response, it is clear that the FGT1 absorbs 
the highest amount of energy per unit mass among all other designs in both material groups. For the 
Ti group, the FGT1 tube exhibits 79%, 523%, and 235% greater SEA than the UT, FGT2, and 
FGT3 tubes, respectively. This trend can be attributed to the fact that the FGT1 has a higher 
thickness at the zones that undergo higher plastic strains and hence it has more material to deform 
plastically and participate in the energy dissipation process.   
By comparing the CFE of the different designs, it can clearly be seen that the designs in Al 
group, represented by the blue bar in Figure 6 (b), outperform those in Ti group. Al-FGT3 tube 
exhibits the highest CFE magnitude among all other tubes. This trend is due to the favourable crush 
response offered by Al-FGT3 tube where the crush force remains almost constant in the post-




response which is only 5% and 8% less than that of Al-FGT3 tube for Al and Ti tubes, respectively. 
It should be noted that CFE metric is directly linked to the shape of force-displacement response 
and the tubes with more flat post-collapse responses, such as Al-FGT3, offer higher CFE values 
than the other tubes.  
In terms of CDE behaviour, Al-UT and Ti-FGT1 tubes were the best performing structures with 
CDE of around 42%. The tubes with FGT2 design exhibited the lowest CDE with only 9% and 16% 
for Al and Ti materials, respectively. The poor CDE performance observed for FGT2 design is due 
to crack initiations during the early stages of plastic deforming as indicated before. Overall, the 
CDE response for all SLM manufactured structures discussed in this paper is relatively low. This is 
due to the fact that the SLM process induces residual stresses that causes cracks to appear along the 
various stages of the deformation process. This issue could be addressed by optimising the SLM 
process parameters and the subsequent heat treatment to improve the ductility of the produced tubes 
and delaying the cracks initiation till the final stages of the deformation stroke allowing the tubes to 
absorb a greater amount of energy. Optimising the SLM and the heat treatment processes are 
beyond the scope of this paper and are suggested for future work efforts. Also, it should be noted 
that the additive manufacturing might not be the ideal manufacturing technique for energy 
absorption structures, particularly if the design is simple, i.e. uniform thickness design, and can be 
produced using the traditional manufacturing methods. The classically manufactured tube, such as 
the ones investigated in [9], may offer higher crush displacement efficiency compared to additively 
manufactured one without experiencing any cracks or failure due to its high ductility. The higher 
crushing distance allows the tube to absorb a greater amount of energy during the plastic 
deformation. However, the importance of the SLM method comes from its capability to produce 
designs with more complex geometry, i.e. functionally graded tubes, with higher energy absorption 
capability than the simple design.  
From the results discussed above, the titanium tube with FGT1 design seems to offer excellent 
crashworthiness performance including highest SEA, highest CDE, and third highest CFE among 
all tested tubes and thus it was deemed to be the best performing energy absorbing tube. Ti-FGT1 
tube, with its superior performance compared to other designs, can reduce the overall weight and 
material cost without losing crashworthiness and this makes it as weight/cost-effective candidate for 
vehicle crashworthiness applications.    
3. Simulation and optimisation 
With the aim of generating the design guidelines and finding the optimal configuration of the 
best performing tube investigated in this study, i.e. Ti-FGT1, finite element method (FEM) and 




first created and validated and then they were used in conjunction with DoE to develop meta-
models of the crashworthiness responses. Subsequently, the developed meta-models were used in 
the multi-objective optimisation formulation to seek the optimal geometrical factors of the tube that 
yield the best crashworthiness performance. Parametric analysis was also conducted with the help 
of the developed meta-models to understand the role of each geometrical parameter in the 
crashworthiness behaviour.   
3.1 FE model description 
The Finite Element (FE) models of Ti-UT and Ti-FGT1 tubes were created using implicit finite 
element code, ANSYS. ANSYS has been used previously in literature to analyse the energy 
absorption performance of thin-walled structures due to its capability in capturing the crushing 
behaviour of tubes [4,5]. The FE model, as shown in Figure 7, is comprised of three main 
components including, two rigid bodies representing the upper and lower crushing platens, and one 
deformable thin-walled tube representing the energy absorber. 3D solid element with large strains 
and deformation capabilities was used to mesh the tube. A mesh convergence study was performed 
to determine the optimal mesh density and it was found that an element size of 2 mm was able to 
produce a converged solution within a reasonable time. The lower base was constrained to move 
vertically along the y-axis while the movement of the upper base was set to zero in all translational 
and rotational directions. A non-linear surface to surface contact algorithm with a friction 
coefficient of 0.2 was employed for all contact pairs to represent the interactions between the tube 
and the bases [4,10]. The loads were defined by applying a predefined displacement on the moving 
base. Large deformation option was activated to allow the tubes to undergo very high strains. 
Symmetry boundary conditions were utilised for all created models to reduce computational 
solution cost. 
The bilinear isotropic hardening material model was adopted to represent the mechanical 
behaviour of the Ti6AL4V material. The mechanical properties of the material model were assigned 
based on the standard tensile tests results shown in Figure 3 and Table 4. A value of 2221.2 MPa 
was used for the Tangent modulus to model the post-yield response of the material. No specific 
fracture models or failure criterion was considered in the material model and the crashworthiness 
metrics were extracted from the crush simulations at CDE of 40% and 32% for FGT1 and UT 
designs, respectively. These values were selected based on the experimental observations discussed 
earlier which showed that the structural failure of FGT1 and UT designs occurs at CDE greater than 
the chosen ones. Modelling the fracture behaviour of heat-treated SLM Ti6Al4V alloys in ANSYS 
requires implementing complex material constitutive relations and obtaining damage parameters 




3.2 FE model validation 
To validate the FE model, the model predictions in terms of crush response and crashworthiness 
metrics were compared against the experimental measurements reported in section  2.5. Figure 8 
compares experimental and numerical force-displacement curves for the UT and FGT1 designs of 
Ti alloy. As can be seen, Figure 8 reveals an excellent agreement between the experimental and 
numerical results.  
The deformation modes of the specimens obtained from the numerical simulation and 
experimental tests are also compared in Figure 8. It can be observed that the deformation modes of 
UT and FGT1 tubes are well captured by the FE models where the simulated patterns are almost 
identical to the experimental ones.  
Table 5 shows the values of SEA and PCF extracted from the experimental tests data and the FE 
simulations. It can be seen that the percentage errors are insignificant for both responses where the 
highest errors for SEA and PCF were only 4.2% and 2.2%, respectively. 
Overall, the comparison between the numerical and experimental results indicates that the 
crashworthiness predictions of the FE models are accurate and the developed FE models are reliable 
and can be used as a tool to analyse the crush behaviour of the tubes under the lateral loading. 
Subsequently, the FE model was adopted to conduct the crush simulations required for constructing 
the meta-models of the crashworthiness responses.   
3.3 Geometry parameterisation of FGT1 design 
The first step of finding the optimal crashworthiness configuration of FGT1 design is to describe 
its geometry using key parameters. As it was described in section  2.1, the maximum thickness of 
FGT1 is located along the horizontal axis whilst the minimum thickness is located at an angle of 45
o
 
with respect to the horizontal. The geometry of the FGT1 design can be constrained fully by 
defining the outer diameter of the tube, maximum thickness, minimum thickness, and the grading 
function which control the variation of thickness between the maximum and minimum values. A 
non-linear power law equation was used to represent the thickness gradient function 𝑡𝑓(𝜃) as 
function of the angular distance (𝜃) and grading exponent (k) as shown in Eq. 6  






where 𝜃 is the angular distance from the horizontal axis,  𝑡𝑚𝑎𝑥 is the maximum thickness, 𝑡𝑚𝑖𝑛 is 
the minimum thickness, 𝜃𝑚 denotes the total gradient angle and it is equal to 45
o
 in FGT1 design, 
and k is the grading exponent which varies between 0.5 and 2. Figure 9 explains the main 




3.4 Multi-objective design optimisation framework 
Generally, one of the major challenges in designing a crashworthy structure is to select 
geometrical and material parameters that can satisfy conflicting crashworthiness design 
requirements and this can only be achieved via adopting multi-objective optimisation technique.  
The general mathematical equation of multi-objective crashworthiness optimisation problem is 
presented in Eq. 7  
{
𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 𝑓(𝑥) = [𝑓1(𝑥), 𝑓2(𝑥),… . , 𝑓𝑖(𝑥)]
𝑠. 𝑡 𝑥𝑙 ≤ 𝑥 ≤ 𝑥𝑢
 
7 
where x=(x1,x2,…,xk) is the vector of k design variables with 𝑥𝑙 and 𝑥𝑢 as their lower and upper 
bounds. The design variables (x) can be either material, geometrical, or loading parameters. f(x) is 
the objective function which contains one or more of the crashworthiness responses, such as MCF, 
SEA, PCF and so on. For the crashworthiness responses, it is very hard to derive the objective 
function analytically as the structure normally exhibits nonlinear mechanical behaviour during the 
crushing process as a result of large deformation. Thus, surrogate modelling technique is adopted to 
establish statistical-based models, known as meta-models, which relate the design variables and 
design responses together and can be used in the optimisation algorithm. Generating such models 
requires effective sampling technique to represent the design space by an adequate number of 
design points. Factorial, Box–Behnken design (BBD), central-composite design (CCD), D-optimal, 
Latin hypercube sampling (LHS) are all examples of design sampling techniques. The fitting 
accuracy of the developed meta-models is normally inspected using different statistical measures 
such as R-squared, adjusted and predicted R-squared, and Adeq Precision.    
Among the different solution methods, desirability approach, also known as cost objective 
function, was selected to solve the above multiobjective optimisation problem. This approach seeks 
the solution for the optimisation problem with multiple objectives by formulating a desirability 
function which combines all multiple responses into a single non-dimension objective function, thus 
converting the multi-objective optimisation problem into a single objective problem. This 
desirability function takes a value between 0 and 1 and the optimal solution is the one with the 
greatest desirability [4,53]. The crashworthiness multi-objective design optimisation framework is 
illustrated in Figure 10.  
3.5 Metamodeling 
The factorial design method was used as a sampling technique to generate the different 
combinations of the design variables required for obtaining the meta-model systemically. The 
geometrical parameters𝑡𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛, and k were selected as design variables while SEA and PCF 




variables are shown in Table 6. With the aid of the validated FE model described and validated in 
sections  3.1 and  3.2, numerical crush simulations were conducted for the Ti-FGT1 tubes with 
different geometrical factors as determined via the sampling technique and the crashworthiness 
responses were extracted. The different combinations of the geometrical parameters, i.e. design 
variables, along with the calculated crashworthiness metrics, i.e. design responses, are summarised 
in the design matrix shown in Table 7. It should be noted that all the tubes representing the design 
points have the same outer diameter of 100 mm and the SEA and PCF responses were calculated at 
CDE of 40% selected based on the experimental observation presented in sections  2.5.1 and  2.5.2 
which showed that the structural failure of Ti-FGT1 occurs at CDE greater than 40%. 
Following the calculations of the crashworthiness metrics, the meta-models were established for 
the crashworthiness responses where their statistical adequacies were verified via analysis of 
variance (ANOVA) approach which employs various statistical measures to inspect the statistical 
significance of the models. The obtained meta-models for SEA and PCF in terms of the geometrical 
parameters are shown in equations 8 and 9, respectively 
(𝑆𝐸𝐴)0.58  = (9.919 × 10−3) − (1.331 × 10−3)𝑡𝑚𝑎𝑥 − (3.588 × 10
−4)𝑡𝑚𝑖𝑛 − (1.047 × 10
−3)𝑘 8 
  
(𝑃𝐶𝐹)0.59  = (0.015176) − (9.453 × 10−4)𝑡𝑚𝑎𝑥 − (2.359 × 10
−3)𝑡𝑚𝑖𝑛 − (2.344 × 10
−3)𝑘 + (1.141 × 10−4)𝑡𝑚𝑎𝑥 × 𝑡𝑚𝑎𝑥
− (1.435 × 10−4)𝑡𝑚𝑎𝑥 × 𝑘 + (8.1079 × 10
−4)𝑡𝑚𝑖𝑛 × 𝑘 
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The statistical significance indicators for the aforementioned meta-models of SEA and PCF are 
presented in Table 8. As listed, the developed meta-models exhibit very high R-squared (coefficient 
of determination) values and they also demonstrate an excellent agreement between the predicted 
R-squared and adjusted R-squared. The adequate precision ratio, which compares the range of the 
predicted values at the design points to the average prediction error, was also used as adequacy and 
significance measure of the developed meta-models. The adequate precision ratios of all meta-
models are greater than 4 indicating that the models have minimal noise and thus they can be used 
to navigate the whole design space.  
The aforementioned statistical measurements prove that the developed SEA and PCF meta-
models, as presented in Equations 8 and 9, are sufficiently accurate and can be adopted in the 
parametric and design optimisation analysis. 
3.6 Numerical and optimisation results 




The created FE models were used to analyse the plastic strains and stresses in the tubes to provide 
further insights on the advantages of adopting the FGT concept in the laterally loaded structures. In 
order to provide a valid comparison, the simulated UT and FGT1 tubes were crushed up to the same 
CDE of 40%. Figure 11 (a) shows the equivalent plastic strains distributions in the UT and FGT1 
tubes as extracted from the numerical simulations. The plastic strain is a key response in the 
crashworthiness design as it provides an idea on the volume of the structure that undergoes 
permanent plastic deformation. In the UT tube, the maximum plastic strain region is located along 
the horizontal axis of the tube with a maximum magnitude of 0.079. For the FGT1 design, the 
maximum effective plastic strain is 0.048 and it was located in the regions of minimum thicknesses. 
By comparing the plastic strains in FGT1 and UT tubes, it is clear that a greater volume of FGT1 
tube undergoes plastic deformation and this is indicated by the smaller blue colour regions, i.e. 
zones with zero plastic strains, in this design compared to those observed in the UT design. This can 
be considered as the most important advantage of the FGT1 design where it allows a greater volume 
of the tube to yield and contribute in the energy dissipation process and therefore FGT1 can be 
considered to be more attractive for crashworthiness applications. This trend is also confirmed by 
the von misses stress distributions shown in Figure 11 (b) which shows that the FGT1 design 
exhibits more uniform stress distributions than the UT design with stress values for the majority of 
its volume exceeding the yield stress. The maximum stress observed in FGT1 design is 1456 MPa 
which is slightly greater than the maximum stress of UT design.  
3.6.2 Parametric analysis 
The meta-models developed in section  3.5 are used in the subsequent parametric analysis to 
understand the influence of the geometrical parameters on the crashworthiness responses.  
3.6.2.1 Effect of design variables on SEA  
Figure 12 illustrates two 3D surface plots for the variation of the SEA with the maximum 
thickness and gradient exponent at the extreme values of the minimum thickness. It can be seen that 
SEA increases by increasing all the geometrical parameters, i.e. tmax, tmin, and k. This trend can be 
attributed to the fact that increasing the geometrical parameters leads to increase in the mass of the 
tube and this means that there is more material in the structure to deform plastically and absorbs 
energy. Also, Figure 12 reveals that the influence of tmin on SEA response is less than the influence 
of other variables. For example, when tmax and k are at their upper levels, increasing tmin from the 
lower value to the upper value, will only increase SEA by 2.1%. Similarly, when tmin and k are at 
their upper levels, increasing tmax from 5 mm to 6 mm will increase SEA by approximately 27 % 
which clearly shows the higher influence of tmax on SEA compared to tmin. This behaviour is 




absorbed energy is dominated by the plastic zone which is mainly localised around the maximum 
thickness region.  
The greatest SEA can be obtained by a tube with tmax of 6 mm, tmin of 3 mm, and k of 2 which 
is approximately 164% higher than the SEA offered by the tube with tmax of 4 mm, tmin of 2 mm, 
and k of 0.5.  
3.6.2.2 Effect of design variables on PCF  
The variation of PCF with the geometrical parameters is presented in Figure 13 including two 
surface plots for tmin of 2 mm and 3 mm, respectively. It is evident from these plots that PCF 
increases as tmax, tmin, and k increases. This is due to the fact that increasing the geometrical 
parameters of the tube will increase its mass which in turn will increase its lateral stiffness and 
hence a greater force will be resulted during its crushing. The smallest value of PCF, which 
corresponds to design variables of tmax = 4 mm, tmin = 2 mm, and k=0.5, is approximately 76% 
less than the largest value observed at the design variables of tmax = 6 mm, tmin = 3 mm, and k=2. 
The PCF response, as shown in Figure 13, is influenced by the interactions between the various 
geometrical parameters of the tube. The interaction effects mean that the influence of one parameter 
on PCF depends on the setting of the other parameters. Such interactions can be inferred via the 
terms that contain more than one design variables in the meta-model equation of PCF. For example, 
the influence of k on PCF is more profound when tmin is smaller. When tmax=4 mm and tmin=2 
mm, increasing k from 0.5 to 2 yields an increase of 75% in PCF. However, this increase becomes 
only 27% when tmin increases to 3 mm. Similarly, tmax has a greater influence on PCF in the tubes 
with bigger gradient exponent. When tmin equals to 3 mm, increasing tmax from 4 mm to 6 mm 
leads to an increase of 116% in PCF for k of 2 against an increase of 62% for k of 0.5. 
3.6.3 Design optimisation of FGT1 
It was shown in the previous section that the geometrical parameters of the FGT1 have a great 
influence on its responses under the lateral loading and thus it is vital to determine the optimal 
combination of the geometrical parameters that yield the most desirable crashworthiness responses. 
SEA and PCF, as key crashworthiness metrics, were considered in many crashworthiness 
optimisation studies [51,54]. Within the context of good lightweight crashworthiness design, the 
protective structure should dissipate as high as possible SEA without increasing PCF to high levels 
as extremely high PCF may cause severe injuries or even death to the occupants [1]. Thus, the 
multi-objectives crashworthiness optimisation scheme of this study aims to maximise SEA and 
minimize PCF within the range of the geometrical parameters as shown in Table 6. The meta-
models of SEA and PCF developed in section  3.5 are used in the optimisation formula presented in 














𝑆𝐸𝐴 = 𝑓(𝑡𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛, 𝑘)
𝑃𝐶𝐹 = 𝑓(𝑡𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛 , 𝑘)
4 ≤ 𝑡𝑚𝑎𝑥 ≤ 6
2 ≤ 𝑡𝑚𝑖𝑛 ≤ 3
0.5 ≤ k ≤ 2
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Desirability approach was employed in this study to solve the above multi-objective optimisation 
formula due to its simplicity, relatively low computational cost and rapid convergence [4,5,55]. 
Equal importance and weighting were assigned for both design responses. Figure 14 displays 
contour plots of the desirability objective as a function of tmax and k at the upper and lower values 
of tmin. The greatest desirability of 0.5728 was obtained at geometrical parameters of tmax =
6 𝑚𝑚,  tmin = 2 𝑚𝑚, k=1 indicating that optimal design of FGT1 is the one with maximum tmax, 
minimum tmin, and linear thickness gradient. It is well reported in the literature that maximizing 
SEA and minimizing PCF are always two competing objectives and this is also evidenced from the 
parametric analysis results presented in the previous section. The optimal thickness gradient 
parameters, determined by the optimisation algorithm, provide a good balance between the two 
conflicting crashworthiness design objectives allowing the desirability function to reach its 
maximum value. As it can be seen from Figure 14, increasing k to 2 drops the desirability to 0.183 
while reducing k to 0.5 decreases the desirability to 0.537. Also, reducing tmax to 4 mm or 
increasing tmin to 3 mm decreases the desirability to 0.298 and 0.523, respectively. Thus, it can be 
reported that the functionally graded thickness tubes with linear thickness gradient are preferred for 
use as energy-absorbing structures under lateral loading. A numerical crush test was conducted via 
FE model to validate the optimisation results as obtained by the desirability approach. The 
comparisons between the desirability and the FE results are shown in Table 9. It is clear that the 
percentage errors for both crashworthiness metrics; i.e. SEA and PCF, are small and within 
acceptable range which in turn confirms the validity of the obtained optimisation results. The 
deformation history of the optimal configuration of Ti-FGT1 is shown in Figure 15. 
4.  Conclusion 
In this paper, new designs of circular tubes with perimetrical thickness gradient were considered for 
lateral deformation mode. SLM was used to manufacture the tubes from titanium (Ti6Al4V) and 
aluminium (AlSi10Mg) bulk powder and crush tests were conducted on the different specimens to 
evaluate their crashworthiness performance.  
 The FGT titanium tube, denoted as Ti-FGT1, with maximum thickness along the horizontal and 
vertical axes; and minimum thickness located at an angle of 45
o
 with respect to the horizontal axis 
was found to outperform all other FGT and UT designs in both material groups in terms of energy 




undergoes plastic deformation and absorb the greatest amount of energy. It yielded 79% and 102% 
greater SEA than its Ti-UT and AL-FGT1 counterparts, respectively. It also recorded the highest 
CDE and third-highest CFE among all other tubes. 
To further reveal detailed design guidelines of the best performing tube, FE simulations, surrogate 
modelling, and multi-objective optimisation tools were integrated to conduct the parametric analysis 
and to find the optimal design. Significant influences were observed for the geometrical parameters 
on the responses of the Ti-FGT1 tube where both SEA and PCF increased by increasing the 
maximum and minimum thicknesses as well as the thickness gradient exponent. Furthermore, the 
optimisation analysis indicated that selecting a linear thickness gradient along with the highest 
possible maximum thickness and lowest possible minimum thickness can satisfy best the 
crashworthiness design requirements of achieving maximum SEA and minimum PCF. 
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Figure 7: Illustration of finite element model of UT tube under lateral loading showing the main component 














































































Table 1: Material composition of Ti6Al4V and AlSi10Mg (wt. %) 
 











Ti6Al4V 280 1200 30 0.14 X rotated at 67
o
 





Table 3: Heat treatment procedure [56,57] 
 
 Temperature Duration (hours) Atmosphere 
Ti6Al4V 650 
o
C 3 hours Argon 
AlSi10Mg 300 
o
C 2 hours Air 
 
 
Table 4: Mechanical properties of selective laser melted Ti6Al4V and AlSi10Mg alloys 
 Ti6Al4V AlSi10Mg 
Elastic modulus 104.8 (GPa) 70 (GPa) 
Yield strength 1112 (MPa) 230 (MPa) 
Poisson's ratio 0.3 0.3 








Al  Si  Fe  Cu  Mn  Mg  Ni  Zn  Pb  Sn  Ti 
Bal.  9-11 0.055 0.05 0.45 0.2-0.45 0.05 0.1 0.05 0.05 0.15 
Ti6Al4V 
Ti Al V O N C H Fe Y Other element, each Other element, each 




Table 5: Comparison of FE and experimental crashworthiness metrics 
 
  
SEA (J/kg) PCF (N) 
UT Exp (SP2) 1912.543 8482.629 
 FE 1830.56 8421 
 Error (%) 4.28 0.72 
FGT1 Exp (SP1) 3394.082 11328.53 
 FE 3265.8 11071.8 
 Error (%) 3.78 2.26 
 
 
Table 6: Minimum and maximum levels of the design variables 
 
 
𝑡𝑚𝑎𝑥 (𝑚𝑚) 𝑡𝑚𝑖𝑛 (𝑚𝑚) k 
Min 4 2 0.5 







Table 7: Design matrix 
Run 𝑡𝑚𝑎𝑥(𝑚𝑚) 𝑡𝑚𝑖𝑛(𝑚𝑚) K SEA (J/kg) PCF (N) 
1 4 3 2 2648.062 8778.6 
2 4 2 2 2655.055 7959 
3 6 3 0.5 3270.948 11150.2 
4 6 2 0.5 2629.212 7056.4 
5 6 2 2 4659.693 19018.6 
6 6 3 2 4760.958 19616.4 
7 4 2 0.5 1799.357 4556.8 














 Adeq Precision 
𝑆𝐸𝐴 = 𝑓(𝑡𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛, 𝑘) 0.95 0.92 0.92 14.79 
𝑃𝐶𝐹 = 𝑓(𝑡𝑚𝑎𝑥, 𝑡𝑚𝑖𝑛, 𝑘) 0.999 0.999 0.999 3540.75 
 
 
Table 9: Comparison of SEA and PCF obtained from FE simulation and desirability approach for the optimal design 
 
SEA (J/kg) PCF (kN) 
Desirability approach 3207.29 9249.9 
FE simulation 3400 9800 
Error(%) 5.67 5.61 
 
